Dengue virus (DENV), an arthropod-borne virus, has rapidly spread in recent years. DENV diagnosis is performed through virus serology, isolation or molecular detection, while genotyping is usually done through Sanger sequencing of the envelope gene. This study aimed to optimize the use of shotgun metagenomics and subsequent bioinformatics analysis to detect and type DENV directly from clinical samples without targeted amplification. Additionally, presence of DENV quasispecies (intra-host variation) was revealed by detecting single nucleotide variants. Viral RNA was isolated with or without DNase-I treatment from 17 DENV (1-4) positive blood samples. cDNA libraries were generated using either a combination of the NEBNext ® RNA to synthesize cDNA followed by Nextera XT DNA library preparation, or the TruSeq RNA V2 (TS) library preparation kit. Libraries were sequenced using both the MiSeq and NextSeq. Bioinformatic analysis showed complete ORFs for all samples by all approaches, but longer contigs and higher sequencing depths were obtained with the TS kit. No differences were observed between MiSeq and NextSeq sequencing. Detection of multiple DENV serotypes in a single sample was feasible. Finally, results were obtained within three days with associated reagents costs between €130−170/ sample. Therefore, shotgun metagenomics is suitable for identification and typing of DENV in a clinical setting.
Introduction
Dengue viruses (DENV) belong to the Flaviviridae family and are among the most widely distributed arthropod-borne viruses worldwide. All DENV cause dengue fever, a self-limited febrile illness but in some patients, dengue becomes a life-threatening illness [1] . In the last five decades DENV has rapidly spread around the globe. This together with high morbidity rates make DENV a public health threat in tropical and subtropical regions and increasingly in temperate countries [2] [3] [4] .
DENV are single-stranded, positive sense RNA viruses with a genome of approximately 10.7 kb that contain a single open reading frame (ORF) [5] . They comprise 4 antigenically distinct serotypes (DENV-1 to 4) that have up to 65% genome sequence identity [6] and cluster into different genotypes as a result of high mutation rates in their genomes [2, 7] . Disease outcome and virus transmission rates have shown to be genotype-dependent [8] .
Diagnosis of DENV can be performed by serological testing, isolation of the virus or through molecular methods [9] . Genotyping is often based on Sanger sequencing (parts) of genes encoding the structural proteins, mostly the envelop (E) gene [10] or, alternatively the Capsid pre-membrane CprM gene [11, 12] . DENV genotypes are defined as clusters with associations on epidemiological grounds with a sequence divergence of ≤6% [13, 14] . Using Sanger sequencing to sequence the whole genome requires amplification of multiple overlapping fragments [15] [16] [17] [18] [19] , it is time consuming and not suitable for high-throughput. Nevertheless, it reveals phylogenetic relationships at the highest resolution, enables detection of recombinant events and escape mutants, and results in a better understanding of the dynamics of DENV evolution and its implications in disease development [18] . Moreover, it has been proposed that genetic variants of RNA viruses, named "quasispecies", present in the host may influence pathogenesis and disease outcome of RNA viruses in human infections [20] [21] [22] . A more rapid and cost-effective way to obtain these data may be the use of shotgun metagenomics that can be applied for all viruses in all kinds of clinical material. In clinical microbiology laboratories, short-read sequencing (SRS) is still the most frequently used method, although longread sequencing slowly finds its way. For SRS, cDNA first needs to be fragmented for which mainly two methods are available, i.e., enzymebased fragmentation or mechanical shearing. The often used Nextera XT DNA [NXT] library preparation kit, e.g., fragments cDNA using a patented transposon/transposase-mediated cleavage mechanism, with DNA fragments subsequently being amplified using primers targeted to adaptor sequences linked to the transposon [23] .
In contrast, for the TruSeq (TS) V2 DNA or RNA kit, e.g., [TS] the cDNA is first fragmented by mechanical shearing, followed by end-repair of the fragments and adaptor ligation [24] . The NXT kit has the advantage that it requires only 1 ng of input cDNA and has a significantly faster preparation time after cDNA synthesis compared to the TS method [24] . However, GC bias can have a prominent impact on transposase-based protocols, like the NXT, likely through a combination of transposase insertion bias being coupled with a high number of PCR enrichment cycles. Apart from the library preparation method, different sequencers may have different sequencing errors that might influence the final sequence quality [25] . In this study, we evaluated the use of shotgun metagenomics and bioinformatics analyses to detect and type DENV and to reveal the presence of DENV quasispecies directly from sera and plasma samples. In addition, we assessed the effect of: i) DNase I treatment to decrease the human DNA background (to increase the number of reads belonging to viruses and potentially the sensitivity of the approach); ii) two different library preparation methods and iii) two sequencing platforms, on the sequence data quality. For this we a) performed identification and molecular characterization of DENV in the tested samples, b) performed phylogenetic analysis using nearly entire genomes, and c) screened for DENV quasispecies (intra-host variation) by detecting single nucleotide variants (SNVs).
Materials and methods

Sample collection
Plasma (n = 9) or serum samples (n = 8) from seventeen confirmed dengue symptomatic patients were collected in Venezuela between 2010-2015 (Table 1) . DENV positivity was confirmed by either RTqPCR (CDC, 2013) or nested .
RNA isolation and DNase I treatment
Viral RNA was isolated from 140 μL of serum or plasma using the QIAamp viral RNA isolation kit (Qiagen, Hilden, Germany). To reveal if DNase I was able to decrease the human DNA background [26] and thereby increase the sensitivity to detect DENV, 12 out of 17 samples were divided into 2 aliquots. One aliquot of the sample was treated with RNase-Free DNase I (Qiagen) for 15 min using an the optional oncolumn DNA digestion during the QIAamp isolation, while the other followed the regular QIAamp viral RNA isolation kit protocol. The RNA of the remaining 5 samples was extracted with the on-column DNA digestion step during the isolation procedure.
To control for possible contaminations, negative controls (DNA-and RNA-free water, Sigma-Aldrich, St. Louis, MO, USA) were included. As a positive control, we used the supernatant of a viral culture containing DENV-2 strain 16,681. In addition, to test if multiple DENV serotypes could be detected simultaneously, a single sample was spiked with a combination of positive patient specimens infected with DENV-1, -2 and -3 prior to library preparation.
Library preparation
Two commercial kits were used for library preparation prior to sequencing: a) the TruSeq RNA V2 (TS) and b) Nextera XT DNA (NXT) kits, both from Illumina (San Diego, CA, USA). For the TS preparation protocol, the poly-A purification step was omitted as the poly-A tail is lacking in DENV [27] . Thus, we started by adding 5 μL of eluted RNA (5-10 ng/μL) directly to the fragmentation step and then followed the instructions of the manufacturer. For NXT, prior to the library preparation, the eluted RNAs were cleaned with the Agencourt RNAClean XP (Beckman Coulter, Brea, CA, USA) system. Next, cDNA was synthetized using the NEBNext ® RNA First and Second strand modules (New England Biolabs, Ipswich MA, EUA). The cDNA was purified using the QIAquick PCR Purification Kit (Qiagen). Subsequently, 1 ng of cDNA was used for the NXT DNA library preparation and the subsequent steps followed the manufacturer's protocol. For both TS and NXT methods, quality controls were performed during and after library preparation using the Qubit 2.0 fluorometer (Life Technologies, Thermo Fisher Scientific, Carlsbad, CA, USA) and by a 2200 TapeStation (Agilent Technologies, Waldbronn, Germany). A size selection (1:1 beads/sample ratio) of the libraries with AMPure Beads (Beckman Coulter, Brea, CA, USA) was conducted to discard unwanted adapter dimers in order to ensure optimal results.
Next-generation sequencing (NGS)
NGS was performed by combining 12 or 24 libraries in equimolar ratios before loading them on a MiSeq or on a NextSeq 500 sequencer (Illumina, San Diego, CA, USA), and at 12 pM and 1.8 pM, respectively. The MiSeq Reagent Kit V2 and the NextSeq Series Mid-Output kit (Illumina) were used to generate 150-bp paired-end reads. MiSeq data were processed with MiSeq control software v2.4.0.4 and MiSeq Reporter v2.4 and NextSeq data with bcl2fastq2 conversion software v2.18 (Illumina).
Data analysis
To identify, genotype and characterize DENV in the tested samples, the fastq files were analyzed employing two different approaches. First, paired-end reads were uploaded to Taxonomer (IDbyDNA, San Francisco, CA, USA), a web-based metagenomics freely available analysis tool. In short, reads were analyzed through the integrated tools: Binner, Classifier, Protonomer and Afterburner to identify microorganism communities and results were visualized through http:// taxonomer.iobio.io [28] .
The second approach, used the CLC Genomics Workbench v10.1.1 software (Qiagen). The workflow used (See Fig. S1 and Table S1 ) started with quality assessment of the reads and subsequent quality trimming of unwanted adapters using a limit of 0.05 prior to mapping the reads against the human genome (hg18). Then the unmapped reads were collected for de novo assembly. The consensus sequence of the longest contig was extracted and used for viral identification using blastn. Additionally, to facilitate the generation of whole genomes, the unmapped reads were also used to map against prototype DENV strains retrieved from GenBank (See Table S2 ). To detect the ORF, we utilized the CLC Genomics Workbench plugin MetaGeneMark v1.4 (Gene Probe). In addition, the presence of DENV quasispecies was examined by analyzing presence of SNVs by the Low Frequency Variant Detection module from CLC Genomics Workbench v10.1.1 which includes i) a statistical model for SNV calling that relies on a multinomial analysis to determine the presence of different variants at a given site of the analyzed sample and ii) an error model to account for sequencing errors. In the SNV calling workflow we have used for each sample the consensus sequence of the DENV found in it as reference. The selected cut-offs for SNV calling were 500-fold coverage, 1% SNV frequency, and the required significance started at 5% (for detailed information about the Table 1 Description of Venezuelan samples sequenced in this study. Dengue without warning signs.
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workflow parameter see Table S1 ).
To assess if multiple detection of DENV serotypes in a single sample was feasible we performed an in-silico validation analysis to evaluate the ability of CLC Genomics Workbench to discriminate between DENV in mixed samples. For this, fastq files containing the raw reads of each of the four DENV serotypes (samples: ID06, ID09, ID13, ID14; Table 1) were merged into a single file and assessed through our CLC genomics workbench pipeline (Fig. S1 ). In addition, we mixed RNA from DENV 1, 2 and 3 isolated from positive tested samples before library preparation and sequencing. Subsequent, data analysis was performed through the aforementioned workflow. In both approaches, the web-based tool Taxonomer (IDbyDNA, San Francisco, CA, USA) was applied for the fast identification of DENV from the raw reads.
To determine the phylogenetic relationship of the newly generated genomes, the obtained sequences were aligned against genomes of known genotypes retrieved from GenBank (See Table S3 ). The multiple nucleotide sequence alignment was performed with MAFFT v7.313 [29] . The sequence alignment was edited manually to generate an alignment with ORF only. A maximum-likelihood (ML) phylogenetic tree was estimated using RAxML [30] under general time reversible model with gamma-distributed rates distribution substitution model (GTR+Γ), which was determined as the best-fit model using CLC Genomics Workbench (data not shown).
Statistical analyses were performed using SPSS v23 (IBM, New York, United States of America). The Wilcoxon signed-rank non-parametric test was used to detect significant differences between continuous (i.e. number of reads) and categorical variables (i.e. library preparation kits). Significance was determined at the 5% level (p-value ≤ 0.05).
Results
Effect of DNase I treatment
From twelve out of seventeen samples, two aliquots were obtained and extracted with and without DNase I treatment to reveal its effect on the number of human and DENV reads. The average total number of reads without DNase I treatment per sample for NXT was 2,090,050 of which 938,543 (45%) mapped against the human genome, which is lower than the average of 6,201,468 total reads obtained with TS of which 5,484,689 reads (80%) mapped against the human genome ( Fig.1 ). The number of human reads decreased significantly (p < 0.05), on average by 18% for both NXT and TS, using the DNase I treatment. The depletion of human DNA had a positive effect in the proportion of reads that matched DENV genomes (Fig. 2) . After the treatment with DNase I, an average increase in the number of reads matching DENV of 313 and 39 times was observed for the NXT and TS approach, respectively. Few DENV reads were identified in the negative control (0.004%-0.006% of the reads). The DENV-2 strain 16,681 was successfully identified in the positive control.
Next, we compared the two different library preparation methods (NXT and TS) in combination with two different NGS platforms (MiSeq and NextSeq). A summary of the quality parameters for the different runs is shown in Table 2 . Optimal raw cluster density for MiSeq using a v2 cartridge has been reported to be between 1,000-1,200 K/mm 2 and
for NextSeq between 170-220 K/mm 2 [31] . In our study, two runs had raw cluster densities under the desirable range (869 K/mm 2 for MiSeq, 22 ± 4 K/mm 2 for NextSeq), however, the quality scores (Q30) of both runs were higher than those runs with optimal raw cluster densities (Table 2) . Table 3 shows a summary of the results obtained for DENV with the different sequencing approaches. We compared the average depth coverage and the average contig length after de novo assembly and after mapping. The libraries prepared with TS showed a higher average depth coverage. Yet, all runs resulted in an average depth coverage of > 1,800-fold. Likewise, both library preparation methods resulted in complete or nearly complete DENV genomes when reads were mapped against the reference genomes. However, TS provided slightly longer contigs when performing de novo assembly compared to NXT. The DENV serotypes identified through CLC Genomics Workbench from the reads obtained by NXT/TS and MiSeq/NextSeq were 100% concordant with the results of the RT-PCR or RT-qPCR. However, when Taxonomer was used to analyze samples prepared with NXT and ran on NextSeq, the DENV serotypes of two samples did not match those identified by RT-PCR and CLC Genomics Workbench v10.1.1.
Additionally, we examined the genome wide depth coverage and the G/C content of the sequenced genomes with NXT and TS (an example is shown in Fig. S2 ), in an attempt to identify areas of low coverage due to variable G/C content. The results showed a good proportion of reads per base position and a comparable G/C pattern in both preparations. Nevertheless, the 5′ and 3′ regions had the lowest coverage and were the most variable sections to be sequenced and, consequently, caused differences in the length of the genomes. The consensus of assembled/mapped genomes were a few nucleotides (nt) shorter than the references in the GeneBank (Table S2 ). In the case of NXT an average of 24 ± 37 nt and 40 ± 32 nt in the 5′ and 3′ ends, respectively, were missing. Whereas for the TS, on average 14 ± 30 nt and 23 ± 27 nt were missing in the 5′ and 3′ ends, respectively. When comparing the time investment, both methods performed similarly. Thus, the whole workflow from the viral RNA isolation to genome assembly through both library preparation methods and sequencing platforms took approximately three days. . The proportion of human reads was calculated as the number of human reads over the total number of reads for each sample. Grey bars show the DNase I treated samples whereas black bars show the DNase I untreated samples. Upper and bottom wisher lines represent 1.5 interquartile range (IQR); the box represents the upper and lower quartiles, horizontal line within the box represent the median and the x denotes the arithmetic means; dots denotes outliers. **, p-value < 0.05 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
Detection of multiple DENV serotypes in a spiked sample
The workflow correctly identified the presence of multiple DENV serotypes in the spiked sample and in the in silico sample (Table 4 and 5, respectively). In the spiked sample, the proportions of DENV varied from as low as 0.02% for DENV-1 to as high as 3.12% for DENV-3. The genomes had a coverage depth of between 17-to 728-fold. However, complete genomes could not be de novo assembled for all DENV, instead a nearly complete genome (10,555 bp) was generated for DENV-3 and shorter assembled contigs were generated for DENV-1 and DENV-2 (2,796 bp and 6,736 bp, respectively; Table 4 ). Therefore, we mapped the reads against reference genomes (See Table S2 ) to generate longer consensus with nearly full genomes of the three DENV being generated (10,614 bp for DENV-1; 10,675 bp for DENV-2 and 10,675 bp for DENV-3). Similar results were obtained during the in silico detection. All DENV serotypes in the simulated specimen showed a correct identification through the CLC Workbench workflow. Likewise, the generation of nearly complete genomes for all four serotypes was achieved using the mapping approach (10,700 bp for DENV-1; 10,691 bp for DENV-2; 10,673 bp for DENV-3 and 10,637 bp for DENV-4). On the other hand, as shown in Table 5 , de novo assembly generated contigs for all DENV serotypes but failed to assemble the entire ORF of DENV-1 (5,391 bp). Nonetheless, despite the notable differences of reads' abundance per serotype in the simulated sample (ratios: DENV-4/DENV-3 [40:1]; DENV-4/DENV-2 [21.7:1]; and 57.7:1 for DENV-4/DENV-1) all DENV were detected and nearly complete genomes were obtained.
Detection of SNVs in DENV
Twelve out of 17 samples matched the criteria used for SNVs calling.
The non-sysnonymous SNVs identified in each sample are shown in Table S4 and the frequency and position of each change is shown in Fig. 3 . For DENV-1, we identified non-synonymous SNVs in all samples tested. Around 75% of the SNVs of DENV-1 generated a frame shift at different positions of the polyprotein (average frequency of˜3% in the sequenced reads), the SNV with higher frequency (24.1%) was detected in sample ID11 in the E protein encoded region (Val708Met). Additionally, an aggregation of SNVs in the NS5 encoded region was detected. In DENV-2 the non-synonymous SNVs were found in two of the tested samples with an average of 58% of SNVs generating frame shifts (average frequency of˜4%). One of the SNVs was placed in the M encoded region, while the majority occurred in the NS encoded regions. Likewise, in sample ID09 one SNV generated an early stop codon on position 3,237 (Trp > Stop). In DENV-3 we detected six non-synonymous changes in one sample (ID01). However, these changes did not include frame shifts or stop codons. In DENV-4, the SNVs were detected in the capsid, envelope and NS encoded regions. On average, 59% of the SNVs detected caused a frame shift (average frequency of˜3%).
Phylogenetic characterization of DENV
Phylogenetic trees generated from the complete ORFs (Fig. 4) showed that the isolates of DENV-1 clustered within genotype V with some closely related isolates from Colombia 2008 (GQ868570) and Ecuador 2014 (MF797878). The four DENV-2 isolates fell within the American/Asian cluster genotype, a genotype often associated with disease severity [32] . All DENV-3 isolates clustered within genotype III, and were related mainly to other Venezuelan isolates. The DENV-4 strains fell within genotype II and clustered into two different groups. The isolated DENV strains were closely related to Venezuelan isolates, and for every serotype only one genotype was detected. 
Discussion
Metagenomics studies have proved their value in clinical diagnostic settings and for surveillance [33, 34] . Here, we applied a highthroughput NGS assay for direct whole-genome sequencing of DENV directly from clinical samples. This method avoids the need to design primers to type, thus allowing for unbiased typing and, therefore, is able to identify uncommon variants or those that would be missed if a primer-based method is used. Therefore, it has more discriminatory power than methods that target specific regions. Moreover, co-infection with different DENV serotypes or with other microorganisms can be detected in a single reaction. The entire procedure described took approximately 3 days to complete. The library-associated cost was €57 per sample using NXT and €74 per sample using TS (date of cost assessment: January 2018). The run-associated cost was €86 per sample if 12 samples were multiplexed in one MiSeq run or €70 per sample if 24 samples were multiplexed in one NextSeq run (date of cost assessment: January 2018). However, these costs do not include the investment, service cost and personnel associated with each NGS sequencing platform. The overall costs are comparable to those of Sanger sequencing [35] . Nonetheless our method, contrary to the latter, allows for sample multiplexing and is able to detect low frequency variants and co-infections [34] making it more cost-effective in a diagnostic setting.
The sequencing output of the shotgun metagenomics approach depends among other factors, on the amount of viral RNA present in the sample and also on the amount of human DNA; the latter affecting the yield and the sensitivity of the protocol as it also serves as a template during library preparation. As a result, viral sequence depth could vary depending on the total nucleic acid yield [36] . Therefore, we tested the effect of DNase I treatment on sequencing outcomes [26] . The results of the DNase treatment showed to be different between NXT and TS, which can be attributed to the requirements of additional steps during cDNA synthesis (RNA bead cleaning and cDNA purification) prior to the NXT library preparation. However, we were unable to assess the residual DNA present after DNase treatment in order to estimate the efficiency of the DNase on each sample. Nonetheless, DNase I treatment appeared to be effective in decreasing the human DNA background and increasing the yield of DENV reads in both the NXT and TS approaches. Similar findings have also been described for polioviruses, where DNase-treatment significantly increased the percentage of reads mapped to the targeted poliovirus genomes compared with that from non-DNase treatment [37] . DNase treatment allows a higher number of samples to be multiplexed and sequenced in a single run with the required sequence depth (> 500-fold) thereby reducing the cost per sample.
Both NXT and TS can be used for DENV sequencing, nonetheless the average depth coverage along with the whole genome was higher and more homogeneous using TS compared to NXT. Similar results were described in a previous study, showing that the input DNA quality had no effect on TS data (i.e. depth coverage), but had a significant effect on NXT data [23] , meaning that a DNA sample of lower quality had a worse impact on the NXT libraries than on the TS libraries. This might also explain why the assembled consensus obtained from NXT libraries were divided into small contigs, while the ones from TS were consistently longer. Yet, this limitation can be surmounted by performing mapping with reference strains instead of de novo assembly. Another problem, however, was that even after mapping, the contigs obtained were, on average, smaller using the NXT. This might be due to limitations of the library preparation during fragmentation, as the NXT kit uses tagmentation for this purpose while the TS kit uses mechanical fragmentation. However, this could also have been caused by the low raw cluster density in the NXT-NextSeq run and further studies are needed to confirm this observation.
The advantages of using whole-genome sequences compared to partial sequences for phylogenetic analysis have been shown previously and include correct identification of outbreak strains due to its Abbreviations: bp, base pair; NXT, Nextera XT library pep; TS, TruSeq v2 RNA library prep.
* Using the number of unmapped reads as denominator.
E. Lizarazo, et al. Journal of Biotechnology: X 2 (2019) 100009 increased discriminatory capacity [38] . In this study, we were able to highly discriminate between strains that belonged to the same genotype. Although, for each DENV serotype only one genotype was detected, our isolates appear to cluster within distinct subpopulations, which could be related to the extensive DENV genetic variability or to multiple introductions of different subpopulations in the country as reported earlier [39, 40] . For instance, our DENV-1 and DENV-3 isolates showed high identities with isolates from other Latin American countries. This may be explained by the movement/migration/travelling of people between these countries, for example from Colombia to Venezuela in the last 50 years [41] .
The applied protocols showed a high sensitivity and specificity (up to 100%) when compared to RT-PCR or RT-qPCR, and were able to detect DENV in clinical samples with as low as 5 viral copies/μL. Taxonomer was used as a first approach for rapid detection of DENV (5-10 minutes) however, it failed in two samples reporting instead several serotypes, including the correct one but in a low proportion. This may be explained by the low amount of reads in these samples and by the nature of Taxonomers' kmer search (parameters: 6-frame translation; kmer size 30; 10 amino acids), whereby if reads that belong to a shared DENV genome region are mainly found, the chances of false positives are higher [28] . This, however, was overcome by using the CLC Genomics Workbench approach, which had 100% concordance with the PCR results. Likewise, as shown in the in silico assay the shotgun metagenomics workflow was able to detect multiple DENV in a single sample (spike-in sample) without targeting any specific serotype, which surmounts challenges like template concentration, sequence diversity, primer specificity, and PCR amplification efficiency. These challenges have been reported in previous attempts to sequence multiple DENV with targeted full-genome amplification and sequencing either by Sanger or amplification-based NGS approaches [16, 17] . Likewise, the ability to detect multiple DENV serotypes together with the high throughput of the NGS platforms could facilitate the in-depth analysis of co-viral infections and their possible clinical manifestations.
Another advantage of NGS is the study of inter-and intra-host relations of viral genetic variants [34] . The advantage of this approach is that no specific amplification is required, which represents an unbiased approach to screen for natural mutations across the DENV genome within the host. We were able to detect SNVs in 71% of our samples. DENV-1 strains isolated in different time and geographical points had similar frame shifts and overall shared SNVs through their genomes. In addition, in DENV-1 isolates more SNVs could be detected and were more frequent than in other DENV serotypes, suggesting a different stage of diversification. Some SNVs detected in DENV-1 and other serotypes represented multiple deleterious mutations such as frame shifts, intragenic stop-codons, nucleotide insertions or deletions that could affect viral pathogenesis by generating defective viral particles [42, 43] . In concordance with our findings, deleterious mutations were reported to be transmitted together with wild-type viruses of DENV-1 in Myanmar [44] . Moreover, it was proposed that the defective genomes were acting as defective interfering viral particles that resulted in attenuation of disease severity, increasing the spread of the virus by allowing greater mobility of human hosts [45] . However, more studies are needed to confirm these observations in our population. Thus, epidemiological data linked to unbiased deep whole genome sequencing data can reveal a specific change in viral fitness or clinical disease development during DENV transmission, in a fraction of the time taken by other approaches [18] .
One of the major limitations of this study was the different raw densities obtained from the four sequencing runs shown in Table 3 , which were especially low for the NextSeq-NXT run. Although, the low densities of Next-NXT resulted in lower number of DENV reads, and consequently in lower depth coverage and shorter contigs, the run still produced enough reads to enable the fast detection of DENV through Taxonomer (with only two misclassifications) and the generation of nearly complete genomes through mapping to DENV references. In order to minimize the possibility of inconsistent cluster generation it is recommended to perform an extra step of size selection of small fragments (i.e. indexes, primers) after the pooling of libraries step. If this step is not performed, such small fragments can generate both background noise and loses in sequencing depth.
As with other (molecular) methods several controls should be included to validate the obtained results, including a negative control. In our negative control, we detected DENV reads, although it represented only 0.004%-0.006% of the reads. These results may be due to contamination during library preparation (e.g. sample-to-sample contamination prior to indexing), the result of sequencing artefacts (e.g. demultiplexing errors, sample bleeding), or to incorrect classification during data analysis (e.g. highly homologous regions) [46] . Our samples and sequencing libraries were handled in laminar flow cabinets; however, we cannot exclude the possibility of contamination. Furthermore, the reagents used may also be or become contaminated with Abbreviations: bp, base pair. Abbreviations: bp, base pair. Lizarazo, et al. Journal of Biotechnology: X 2 (2019) 100009 DNA/RNA leading to cross contamination, something that has been described previously [47] . To minimize the chance of contamination we i) used unique dual-index combinations to diminish the possibility of misassignment on multiplexing that could generate conflicts in downstream analysis [48] , ii) performed a size selection after library pooling in order to eliminate fragments below 150bp ensuring that free indexes were not present in the final libraries which also minimizes index hoping [48] , iii) measured the amount of library loaded onto the flow cell to assure optimal cluster density thereby decreasing the possibility of mismatches on cluster assignment (cross talk/sample bleeding) [49] and iv) used a setting of zero barcode mismatches when using the bcl2fastq2 software to guarantee that only barcodes with 100% identity will be used during demultiplexing. The ability to detect multiple DENV in a single sample without targeting any specific serotype, the high concordance with RT-PCR or RT-qPCR and furthermore, the possibility of multiplexing up to 24 different samples with TS and 384 different samples with NXT makes shotgun metagenomics ideal for genetic surveillance of DENV and other arboviruses without the need for a complex inventory of primers and probes for different viruses and strains. This may improve virus identification in public-health settings that need to screen multiple RNA viruses [33] . Additionally, recent Ebola and Zika striking epidemics revealed the relevance of continuous surveillance, rapid diagnosis and real-time tracking of emerging infectious diseases for containment efforts during nascent outbreaks [50] , for which shotgun metagenomics may help to detect unnoticed pathogens' circulation by existing surveillance systems, e.g. Zika circulation since 2013 [51] [52] [53] . Moreover, detailed studies of complete genomes could help in the design of tailormade assays for detection and typing of specific strains (i.e. virulent or outbreak strains) and likewise may be used to evaluate the effect of antivirals and vaccines on DENV populations, and to monitor the emergence of resistant or immune escaped mutants [54] .
Conclusion
A shotgun metagenomics approach can be applied to successfully sequence whole genomes of DENV directly from clinical samples, without the need for prior sequence-specific amplification steps. This is essential for the rapid surveillance of DENV, namely to understand major epidemics and swiftly develop containment control strategies. The ability to detect infection with multiple DENV serotypes together with the high throughput of the NGS platforms could facilitate an indepth analysis of co-viral infections and the linkage to clinical manifestations and possible association with specific strains. This could shed light into the reported relationship of inter-and intra-host DENV diversity (quasispecies) and human hosts. Finally, this approach can also be used for the design of vaccines against DENV in different epidemiological settings by predicting antigenic regions that are common to the circulating DENV serotypes and likewise to monitor the emergence of resistant DENV strains during vaccination campaigns.
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